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ABSTRACT: The discovery of two-dimensional electron gases (2DEGs) in SrTiO3-based 
heterostructures provides new opportunities for nanoelectronics. Herein, we create a new type of oxide 
2DEG by the epitaxial-strain-induced polarization at an otherwise nonpolar perovskite-type interface of 
CaZrO3/SrTiO3. Remarkably, this heterointerface is atomically sharp, and exhibits a high electron 
mobility exceeding 60,000 cm
2
V
-1
s
-1
 at low temperatures. The 2DEG carrier density exhibits a critical 
dependence on the film thickness, in good agreement with the polarization induced 2DEG scheme. 
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Atomically engineered complex oxide heterostructures exhibit a variety of exotic interfacial properties 
because of strong interactions among the spin, charge, and orbital freedoms as well as lattice vibrations. 
One particular example is the emergence of high mobility two-dimensional electron gases (2DEGs) at 
the interface between two oxide insulators,
1,2
 one of which is SrTiO3 (STO), the basis material of oxide 
electronics. These complex oxide 2DEGs consist of strongly coupled electrons and give rise to a rich set 
of physical phenomena
3-5
, for example, superconductivity
6,7
, magnetism
8,9
, and tunable metal-insulator 
transitions on nanoscale,
10,11
  providing new opportunities for nanoelectronics and mesoscopic physics.
3-
5 
To date, the creation of complex oxide 2DEGs can mainly be divided into three groups: (1) electronic 
reconstruction resulting from the polar discontinuity at a polar-nonpolar oxide interface. Such interfacial 
polar discontinuity requires the presence of a polar oxide, that consists of alternating positively and 
negatively charged sublayers, epitaxially grown on nonpolar SrTiO3, such as LaAlO3/SrTiO3 
(LAO/STO)
1
; (2) Creation of oxygen vacancies at the bare STO surface or in STO-based 
heterostructures having interfacial redox reactions
12-15
, such as vacuum cleaved STO
12-14
 or the system 
of amorphous-LaAlO3/SrTiO3 (a-LAO/STO)
15
; (3) 2DEGs by delta doping of STO, typically 
sandwiching a Nb or La-doped STO thin layer between two non-doped STO layers.
16
 Among these, the 
polarity issue, particularly in the LAO/STO system, has drawn the most attention due to the possibility 
of an intrinsic doping of STO by electronic reconstruction without the typical disorder caused by 
chemical doping.
17 
However, to compensate the interfacial polar discontinuity, competing mechanisms 
have often been proposed to occur and obscure the sought-after electronic reconstruction.
18-20
 For 
example, the formation of oxygen vacancies and/or the occurrence of cation intermixing have been 
shown to play important roles in these STO-based
 
2DEGs systems
18,19
. To achieve full understanding of 
complex oxide 2DEGs and to further improve their physical properties such as carrier mobilities, it is 
necessary to explore perovskite interfaces where competing mechanisms can be isolated distinctly. In 
 3 
this vein, it is nontrivial to investigate the isopolar or nonpolar perovskite heterostructures. Compared to 
polar oxide interfaces, the isopolar or nonpolar interfaces can not only avoid the intrinsic polar 
discontinuity issue at the interface
21
 but can also avoid the possible cation intermixing induced charge 
compensation mechanisms through formation of donor-acceptor antisite defect pairs.
20 
Besides interfacial polar discontinuity, spontaneous and/or piezoelectric polarizations have been found 
to result in high-mobility 2DEGs in both traditional semiconductor materials such as III-V 
semiconductor AlGaN/GaN compound heterostructures
22
 and the binary oxide heterostructures of 
ZnMgO/ZnO
23,24
. In these systems, 2DEGs carriers normally originate from the ionized surface donor 
state. The spontaneous and/or piezoelectric polarization in the top film provides the driving force to 
collect the electrons in the quantum well.
22-24 
Though the spontaneous and/or piezoelectric polarizations 
of ferroelectric oxides have been used to control the physical properties of 2DEGs at the LAO/STO 
interface 
25, 26
, their role as the origin for formation of complex oxide 2DEGs has not been reported 
previously, to the best of our knowledge. Herein, we report for the first time a high mobility 2DEG at an 
otherwise nonpolar perovskite-type interface of (001) CaZrO3/STO (CZO/STO) via strain induced 
polarization, as demonstrated in Fig. 1a. In contrast to the polar nature of LAO films
1
, the formal 
valence states of CZO can be assigned as Ca
2+
, Zr
4+
 and O
2-
, in the simple ionic limit. Therefore, the 
(001) CZO consists of alternating charge neutral stacks of (Ca
2+
O
2-
)
0
 and (Zr
4+
O
2-
2)
0
, similar to the case 
of nonpolar (001) STO. Nevertheless, we find that compressive strain can induce an electric polarization 
in the CZO epitaxial thin films, consistent with previous reports.
27, 28
 Remarkably, such strain induced 
polarization could well account for the 2DEGs at our CZO/STO heterointerface, as demonstrated by a 
critical dependence of the interfacial conduction on the CZO film thickness. Moreover, the nominally-
nonpolar CZO/STO interface gives rise to an extremely high electron mobility exceeding 60000 cm
2
V
-
1
s
-1
 at 2 K, which is among one of the highest mobilities achieved for perovskite-type interfaces.
2,29,30
 
These findings provide new opportunities for oxide electronics. 
The CZO (pseudocubic a=4.012 Å)
31
 exhibits a good lattice match with STO (a=3.905 Å). Their lattice 
mismatch is +2.67%, comparable to the mismatch of -2.79% in the LAO/STO system, where the 
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positive and negative values indicate a compressive and tensile strain in the epitaxial film, respectively. 
Under optimized conditions, the CZO films deposited by pulsed laser deposition (PLD) can be 
epitaxially grown on the (001) TiO2-terminated STO substrates within a layer-by-layer two-dimensional 
growth mode, as confirmed by the presence of periodic intensity oscillations of the reflection high-
energy electron diffraction (RHEED) pattern monitored in-situ during film growth (Supporting 
information, Fig.S1). Both RHEED intensity oscillations and sharp RHEED patterns can persist up to a 
film thickness over 50 unit cells (uc), suggesting high quality film growth. A terrace surface of the 
grown heterostructure is detected by atomic force microscopy (AFM), which shows a regular step height 
of 0.4 nm (Fig. 1b). High-resolution X-ray diffraction (XRD) further confirms the epitaxial growth of 
the (001) CZO film on the (001)-oriented STO, without the presence of any impurity phases. The XRD 
reciprocal space maps (RSM) measurements in the vicinity of the (002) and  (-103) perovskite Bragg 
peaks, as demonstrated in Figs. 1c and d, respectively, give direct evidence that the films are under 
compressive biaxial strain, as expected.  
We further investigated the atomic structure and interface chemistry of our CZO/STO heterostructures 
by an aberration corrected scanning transmission electron microscopy (STEM) in combination with 
electron energy-loss spectroscopy (EELS). Figure 2a shows a high-angle annular dark field (HAADF) 
STEM image of a CZO/STO sample with the CZO layer of approximately 50 uc (~20 nm). The CZO 
film is found to be coherent with the STO substrate with no obvious defects or dislocations at the 
interface. The averaged line profiles (Fig. 2b) across the interface indicate that most of the cation 
interdiffusion is confined to within 1-2 unit cell on either side of the interface, much sharper than the 
spinel/perovskite interface of GAO/STO grown under similar conditions.
2
 The CZO/STO interface is 
therefore among one of the sharpest hitherto-investigated perovskite-type oxide interfaces.
18,32,33
 Further 
STEM investigations indicate that the epitaxial CZO film is strained compressively on STO with 
a≈b≈3.905 Å and c≈4.124 Å, consistent with the XRD data shown in Fig.1. In a similar zirconate 
system of SrZrO3/SrTiO3, the compressive strain has been reported to result in ferroelectricity in its 
superlattices.
27
 Theoretical calculations by first principle density functional theory indicate that such 
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strain induced polarization originates from a lattice distortion, which is characterized by a prediction that 
all the cations move towards the interface with the Zr
4+
 exhibiting the largest relative displacement.
28
 
Therefore, we also investigated the lattice distortion of our CZO films in the vicinity of the interface. 
Remarkably, compared to the CaZrO3 film that is more than 10 uc away from the interface, we observed 
unambiguously that both the Ca
2+
 and Zr
4+
 cations move toward the interface in the first 7 uc CZO 
layers. As shown in Fig. 2c, the Zr
4+
 cation in the first ZrO2 sublayer exhibits the largest relative 
movement of 0.035 nm to the interface, while such trend degrades quickly in the very beginning 3 unit 
cells of CZO films. In contrast, the displacement of the Ca
2+
 cations persists up to the first 7 uc layers. 
The above lattice displacement implies a polarization pointing towards the interface, given that there is a 
negligible lattice distortion for the oxygen sublattice as illustrated in Fig. 2d. 
The stoichiometric CZO and STO are both band gap insulators, with the energy band gap of 4.1eV and 
3.2 eV, respectively. Nevertheless, we measured highly mobile metallic conduction at the epitaxial 
CZO/STO heterointerface. Figure 3a shows the typical temperature dependent sheet resistance, Rs, for 
our CZO/STO heterostructures at different film thickness, t. All of our CZO/STO heterostructures show 
good metallic behavior as long as the CZO film thickness t is higher than 6 uc. Note that the samples are 
highly insulating at t ≤ 6 uc. This rules out the possibility of thermal reduction of STO as a contribution 
to the interface conduction.
34 
This critical thickness tc=6 uc (~2.4 nm) for the occurrence of interface 
conduction is slightly higher than that of the LAO/STO interface (tc~1.6 nm)
35
.  However, in distinct 
contrast to the LAO/STO system, where the carrier density normally exhibits a carrier freezing out 
behavior at T=100 K, the CZO/STO system exhibits an almost constant carrier density as a function of 
temperature (Fig.3b), similar to the high mobility spinel/perovskite GAO/STO interface
2, 36
. Moreover, 
the CZO/STO system distinguishes from the other complex oxide 2DEGs by two characteristic 
properties: Firstly, we observe two jumps in the carrier density (Fig. 3b and also Fig.4a) upon increasing 
film thickness. Besides the occurrence of interface conduction at around tc =6 uc for the insulator-metal 
transition, we observed another unexpected conduction jump in the carrier density by more than 40 
times at t =15 uc, from approximately ns=0.4-2.0 ×10
13
 cm
-2
 at t≤14 uc to ns=0.4-1.1 ×10
15
 cm
-2
 at t≥15 
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uc. Secondly, despite the strong dependence of ns on t, most of the CZO samples show very high 
electron mobilities much larger than 20 000 cm
2
V
-1
s
-1
 at 2 K (the bulk mobility of STO)
37
, which is 
nearly regardless of the CZO film thickness (Fig. 3c). For example, we obtained a μ= 5.3 ×104 cm2V-1s-1 
and μ= 6.1×104 cm2V-1s-1 at 2 K for samples with t=10 uc and t=18 uc, respectively, which represents 
the record mobility for perovskite-type interfaces and are also among the highest mobilities for complex 
oxide interfaces (supporting information, Table S1)
2,29,30
. 
The metallic conduction at the nominally-nonpolar CZO/STO heterointerface is remarkable, since two 
of the most discussed conduction mechanism for the polar LAO/STO interface, intrinsic polar 
discontinuity and La-doping induced n-type conduction, are both ruled out here. On the other hand, 
besides the presence of  strain-induced polarization in the CZO epitaxial thin films, the CZO/STO 
heterointerface meets also the thermodynamic criterion for interfacial redox reaction: the B site metal 
(Zr for CZO system) locates in the region of the formation heat of metal oxide, ΔHf
O
<-350 kJ/(mol O) 
and the work function of the metals, 3.75 eV<φ <4.4 eV.38 The redox reaction at the interface of STO-
based heterostructures can result in oxygen vacancies dominated metallic conduction.
15
 To explore the 
role of oxygen vacancies in the CZO/STO heterostructures, we performed angle-resolved X-ray 
photoelectron spectroscopy (XPS) measurements. Generally, the presence of oxygen vacancies in these 
STO-based oxide 2DEG heterostructures is indicated by the fact that the content of 3d electrons, Ti
3+
 on 
the STO side, deduced by XPS measurements is much larger than the carrier density obtained from 
transport measurements.
2,15
 Remarkably, in dramatic difference with both crystalline LAO/STO
39
 and 
GAO/STO systems
2
, negligible Ti
3+
 signal in the 2p3/2 core-level spectra is detected in our CZO/STO 
heterostructures at t≤14 uc (Supporting information, Fig. S2). This strongly suggests that the content of 
oxygen vacancies in our CZO/STO samples is negligible for t≤14 uc (approximately the detection limit 
of XPS). Such conclusion is further supported by the fact that all our samples can survive the post 
annealing in 1 bar pure O2 at 100 ºC for over 5 hours (Supporting information, Fig. S3), with no obvious 
change in the interface conduction. Therefore, the 2DEG at the CZO/STO (t≤14 uc) interface results 
predominantly from the strain induced polarization, PCZO, in the CZO films. Note that although the 
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content of the oxygen vacancies in the CZO/STO (t≤14 uc) are strongly suppressed, the 2DEG carriers 
originating from the polarization-induced electronic reconstruction still locate preferably on the STO 
side in the region proximate to the interface. This is confirmed by our observation that the eg/t2g ratio of 
the L2,3 edge in the EELS spectra of STO is decreased close to the interface with respect to the ones 
further in the bulk STO (Supporting information, Fig. S4). The polarization in the epitaxial CZO films 
could result from the relative displacements of the cations and anions under compressive strain, as 
shown in Fig. 2d. If we assume a constant polarization, PCZO, in the CZO film, this polarization will lead 
to the presence of a macroscopic electric field ECZO= PCZO/ε0εCZO across CZO films (εCZO is the relative 
permittivity of CZO), which will bend the electronic bands. As illustrated in Fig. 4b, for ultrathin CZO 
films with a thickness below tc, the ionized donor surface states, which are sufficiently deep and below 
the conduction band of CZO with an energy ED, lie far below the conduction band of STO. In this case, 
no 2DEG is formed. Increasing the CZO film thickness normally lifts the surface donor states. At the 
critical thickness, the surface donor energy reaches the bottom of the conduction band for STO, as 
demonstrated in Fig. 4c. Electrons, coming from the occupied surface donor states, are then transferred 
to the empty conduction band of STO at the interface, creating the 2DEG. Until all the surface states are 
empty, in the ideal case, the Fermi level remains at the donor energy while more and more electrons are 
transferred with increasing the film thickness. This simple electrostatic model not only explains the 
formation of 2DEG in CZO/STO, but also yields the following expression of the critical barrier 
thickness, tc: 
                                       (1) 
where,  and  are the conduction band minima (CBM) of CZO and STO, respectively. For t>tc, 
the 2DEG density as a function of the CZO film thickness can be given by
22
: 
                   (2) 
Figure 4a summarized the CZO/STO sheet carrier density ns as a function of t. Note that the abrupt 
enhancement in ns at t>15 uc is probably due to the formation of large content of oxygen vacancies on 
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the STO side due to interfacial redox reactions. This concern is supported by the facts that there is 
measureable conduction at the back side of the STO substrates when  t>15 uc as well as that we 
observed an additional decay in sheet conduction resulting from oxygen absorption at the initial process 
for the post annealing in pure O2 at 150 ºC of a  t=22 uc sample (Supporting information, Fig. S3b). For 
this reason, we fitted the Equation (2) only to t<15 uc. A least-squares fit was achieved for 
PCZO=2.3×10
13
 e/cm
2
 and tc=6.5 uc. The deduced value of PCZO=2.3×10
13
 e/cm
2
=3.5 μCcm-2, is in good 
agreement with the experimentally determined values for a comparable compressively strained 40 uc 
SrZrO3/SrTiO3 bilayer-heterostructure.
27
 In short, the strain induced polarization model can fit well the 
critical thickness dependence of the sheet carrier density for CZO/STO heteostructures, and can explain 
largely the metallic conduction at the nonminally-nonpolar perovskite interface between the two band 
insulators, when the content of oxygen vacancies is negligible. It is noteworthy that the deduced 
polarization of PCZO =3.5 μCcm
-2
 in CZO/STO (t≤14 uc) is much lower than that expected at the polar 
LAO/STO interface, PLAO=e/2aLAO
2
=55.8 μCcm-2. It, therefore, might be tantalizing to determine why 
the two different perovskite-type interfaces exhibit similar sheet carrier densities. 
In conclusion, we have discovered a 2DEG at the sharp perovskite-type interface of CZO/STO with very 
high electron mobility exceeding 60,000 cm
2
V
-1
s
-1
 at 2 K. The sheet carrier density of the 2DEG 
exhibits a critical thickness dependence, suggesting the polarization induced electronic reconstruction 
dominates the interface conduction.  The strain-induced polarization can provide new avenues to explore 
high mobility 2DEGs at complex oxide interfaces. 
 
METHODS 
Sample growth and Characterizations. The CaZrO3 (CZO) films were grown on (001) TiO2-
terminated SrTiO3 (STO) substrates (5×5×0.5 mm
3
 with miscut less than 0.2º) by pulsed laser 
deposition (PLD) in an oxygen atmosphere of ~10
-4
 mbar with the film growth process monitored by in-
situ RHEED. During ablation, a KrF laser (λ=248 nm) with a repetition rate of 1 Hz and laser fluence of 
1.5 Jcm
-2
 was used. The target-substrate distance was fixed at 5.6 cm. The growth temperature was fixed 
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at 600 ºC.  A CZO ceramic pellet produced by Spark plasma sintering (SPS) was used as the target. 
Layer-by-layer two-dimensional growth of CZO films was optimized by RHEED oscillations with a 
growth rate of approximately 75 pulses per unit cell (0.05 Å/s) (Supplementary Information, Fig. S1a). 
After deposition, the sample was cooled under the deposition pressure with a rate of 15 ºC/min to room 
temperature (below 30 ºC). All samples are extremely stable at room temperature and can survive the 
annealing in 1 bar pure O2 at 100 ºC for over 5 hours. 
Electrical characterization was made mainly using a 4-probe Van der Pauw method with ultrasonically 
wire-bonded aluminum wires as electrodes. For all samples, the Hall resistance is linear with respect to 
magnetic field (0-2 T). The high resolution XRD measurements were performed on a Rigaku Smartlab 
system. 
STEM and EELS analysis. Aberration-corrected STEM measurements were performed by an FEI 
Titan 80–300ST TEM equipped with a high brightness Shottky emitter (XFEG) and a Gatan Image 
Filter (Tridiem). High-angle annular dark field (HAADF) images were acquired at 300 kV, where the 
probe size, convergence angle and HAADF inner collection angle were 0.8–1.0 Å, 17.3 mrad and 71.9 
mrad, respectively. For EELS in the STEM, an accelerating voltage of 120 kV (probe size of 1.5–2.0 Å) 
and the spectrum imaging technique were used to avoid changes in the specimen induced by the electron 
beam during acquistion. Spectrum images consisting of 40 ten-analysis-point lines parallel to the 
interface were acquired and an increment of 0.28 nm to next line was used. Each spectrum with an 
energy resolution of 0.9 eV was obtained at a dispersion of 0.1 eV/pixel for 0.2-0.4 s. Then the spectra 
along the lines were summed to increase signal-to-noise ratio. 
X-ray photoelectron spectroscopy (XPS) measurement. The XPS measurements were performed in a 
Kratos Axis UltraDLD instrument, using a monochromatic Al Ka X-ray source with photon energy of 
1,486.6 eV. This leads to a kinetic energy of Ti 2p electrons of roughly 1,025 eV. According to the NIST 
database(NIST Standard Reference Database 71,version 1.2), the electron escape depth is approximately 
22Å in STO at this kinetic energy. The pass energy used for the high resolution scan was 20 eV. The 
detection angle of the electrons varied between 0º and 60º with respect to the sample normal. 
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FIGURE CAPTIONS.  
Figure 1. Atomically-flat epitaxially grown perovskite-type interface of CZO/STO. a, Sketch of the 
CZO/STO heterostructure. b, AFM image (5 μm×5 μm) of a 50 uc CZO/STO heterostructure showing 
an atomically smooth surface. c and d, The XRD-RSM measurements in the vicinity of the (002) and  (-
103) perovskite Bragg peaks for the CZO/STO heterostructure. 
Figure 2. Sharp interface of the compressively strained CZO/STO heterostructure. a, A HAADF-
STEM image across the CZO/STO heterointerface; b, The averaged line profiles across the interface 
(A=Sr, Ca; B=Ti, Zr); c, Relative lattice distortion of cations in the CZO film in the vicinity of interface; 
d, Sketch  for the strain induced polarization due to the lattice distortion near the interface. The dot lines 
are guide to the eye. 
Figure 3. Highly mobile conduction at CZO/STO heterointerfaces. a-c, The temperature dependence 
of sheet resistance, Rs, carrier density, ns, and mobility, μ, respectively. Most of the samples exhibit a 
large μ exceeding 20000 cm2V-1s-1 at 2 K, despite the dramatic difference in ns. 
Figure 4. Sketch of the formation of oxide 2DEG by strain-induced polarization. a, Thickness 
dependent sheet carrier density; b and c, Band alignment before and after the formation of 2DEG, 
respectively, at the CZO/STO heterointerface. 
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